Purpose The purpose of this study was to evaluate whether the bone morphology of the hip affects the range of motion (ROM) in total hip arthroplasty (THA). Methods Using the CT data of 63 patients who underwent THA, we calculated the ROM of flexion (Flex), internal rotation (Int-R) and external rotation (Ext-R) using 3D dynamic analysis software. We measured the distance between the anterior surface of the stem and anterior aspect of the greater trochanter (GTa length) at the cutting point and between the tip of the antero-inferior iliac spine (AIIS) and coronal plane of both femoral heads (AIIS length), as a parameter of the femur and pelvis, respectively. The relationship between the ROM, bone anatomy and impingement site was evaluated. Results We found a significant decrease in the ROM of Flex and the Int-R to be inversely proportional to the GTa and AIIS length. In Flex and Int-R, the anterior intertrochanteric region often impinges on the AIIS in patients with larger bone anatomy. Conclusions We demonstrated that the bone morphology of the hip substantially affects the ROM of Flex and Int-R, especially in patients with large bone anatomy. For these patients we should consider bony impingement in THA.
Introduction
Total hip arthroplasty (THA) has been not only the most popular procedure for patients with severe degenerative osteoarthritis of the hip joints but has also been one of the most successful operative interventions for improving patient quality of life. However, there are several complications in THA such as loosening, dislocation, infection, thromboembolic disease, fracture and so on. Dislocation is one of the most serious complications and also has continued to be a frequent complication over the past several years [1] [2] [3] [4] . The factors that influence dislocation include implant design, implant orientation and alignment, surgical approach, and status of the soft tissues [2, 3] . In addition, patient factors that are associated with increased risk of dislocation include female gender, advanced age, and history of previous hip surgery [5, 6] . Bartz et al. [7] noted three different mechanisms of dislocation: (1) prosthetic impingement, (2) osseous impingement and (3) spontaneous dislocation. The cause of spontaneous dislocation is not fully known. It might be due to soft tissue imbalance, muscle weakness or contracture of the joint. With respect to the prosthetic impingement, this problem depends on the position of the implanted total hip prosthesis, and we can overcome this problem by using the optimal position of the acetabular and femoral implant or a larger size of femoral head [8] [9] [10] . As for bony impingement, it has been recommended that surgeons should resect the osteophytes and bony prominence completely or increase the stem offset [9] . However, despite using these recommended implant positions and the osteophytes and bony prominence, we sometimes experience cases that are easily dislocated in surgery, especially in patients with larger morphology of the bone. Furthermore, the extent of the morphological contribution of the bone anatomy around the hip to bony impingement is not fully known.
Nowadays, preoperative planning is commonly used before THA and computed simulation analysis is often used by many investigators to predict the optimal implant orientations and to analyse the ROM after THA [11] [12] [13] [14] . In our study, we evaluated the influence of the bone morphology of the pelvis and femur on ROM after THA using CT-based 3D dynamic motion analysis.
Patients and methods
In this study, we retrospectively reviewed a total of 63 patients (63 hips) who underwent THA, including 17 men and 46 women with a mean age of 64.5 years (range, 54-84 years). The hip diagnoses were osteoarthritis in 63 joints. We excluded patients who had had a previous operation, severely dislocated hip, or post-osteotomy from our study. The implant used was Accolade TMZF stem and the acetabular side had Trident acetabular PSL and the hemispherical cup systems (Stryker Orthopedics/Howmedica, Mahwah, NJ). All patients had a preoperative computed tomographic (CT) scan from the anterior superior iliac spine (ASIS) to the knee joint through the distal femoral condyles using a 320-row multi-detector helical CT scanner (Aquilion ONE, Toshiba Medical Healthcare, Tochigi, Japan), with a reconstructed slice width of one millimetre and a slice interval of one millimetre. Ethics approval was granted by the Institutional Review Board.
Three-dimensional motion analysis CT-based simulation software (ZedHip Lexi Co., Ltd., Tokyo, Japan) [15] was used to create virtual 3D bone models and perform virtual simulations using the preoperative THA planning mode. This software allows for the Based on a CT scan date of pelvis and femur, we first digitised the reference points, then 3D reconstruction of the bone model was made semi-automatically. If there was noise, they were revised manually. Next, the sizes of the implants and their 3D positions and orientation relative to the host bones were planned, and implantation was performed in multi planner reconstructed (MPR) view. This software was capable of simulating and detecting both bone to bone, bone to implant and implant impingement, which allowed the maximum ROM to be defined as the number of degrees of movement before impingement of either bone or implant occurred. The location of this impingement on both the femoral and acetabular side can also be defined in the model.
The pelvic coordinate system was the anterior pelvic plane, which was defined by the ASIS and the pubic tubercle. The femoral coordinate system was defined by the centre of the femoral head, the knee centre, and both femoral condyles.
Implant positioning and setting
The simulated implant was the Accolade TMZF stem with a 36-mm-diameter alumina head and a neck of standard length in all cases. The implant size was chosen to maximise both fit and fill in the femoral metaphysis, taking into consideration the implant size used in the operation. The shaft axis of the femoral implant was placed in the centre of the original femoral dyaphysis. The acetabular side had a Trident acetabular PSL cup with a highly cross-linked polyethylene (HXLPE) insert without marginal lips in all cases. The acetabular component size was also chosen to maximise both fit and fill in the acetabulum. The acetabular component position was determined by placing the implant at the site of the original acetabulum. The anteversion of the femoral implant was set at 20°, cup anteversion at 20°(total anteversion was fixed as 40°) and cup abduction at 45°in a radiographic manner, and in all cases. Any acetabular osteophytes that were attached to the acetabular bone rim were removed.
Calculation of the ROM and impingement site
The centre of the femoral head was located by fitting a sphere to the articular surface of the femoral head. The pelvis was fixed in space, while the femur was free to translate in all directions but constrained to rotate around the centre of rotation of the hip. Based on this computerised analysis, the ROM was measured in those directions that are important for dislocation and ADL such as walking, running, squatting, climbing stairs and so on: flexion (Flex) with 0°of adduction and internal rotation, internal rotation (Int-R) in 90°of flexion with 0°of adduction and external rotation (Ext-R) in 0°o f flexion with 0°of adduction.
Measurements of bony size of pelvis and femur
The horizontal distance between the anterior edge of the femoral implant and the most anterior part of the greater trochanter at the cutting point of the femur was measured on the axial plane of the simulation as a parameter of morphology of femoral bone anatomy, defined as the anterior aspect of the greater trochanter (GTa) length (Fig. 1a-b) . The horizontal maximum distance between the anteroinferior iliac spine (AIIS) and coronal plane of the centre of both femoral heads on the frontal plane in the simulation was also measured as a parameter of morphology of pelvic bone anatomy, defined as the AIIS length (Fig. 1c) . The total length that added GTa and AIIS length was also calculated as a parameter of morphology of total hip anatomy. GTa anterior aspect of the greater trochanter, AIIS anteroinferior iliac spine GTa anterior aspect of the greater trochanter, AIIS anteroinferior iliac spine GTa anterior aspect of the greater trochanter, AIIS anteroinferior iliac spine
Evaluation design
To evaluate the relationship between the bone anatomy morphology around the hip, ROM after THA, and impingement site, three evaluations were performed in this study:
1. Analysis of the relationship between GTa length and AIIS length 2. Analysis of the relationship between ROM and the bone anatomy morphology of the pelvis and femur were evaluated using Pearson's chi-squared test. A P value of less than 0.01 was considered statistically significant.
Results

Analysis of the relationship between GTa length and AIIS length
The mean GTa length is 13.7±3.7 mm, the AIIS length is 38.1±5.5 mm and the total length is 51.8±8.3 mm. There is a positive correlation between the GTa length and AIIS length (R 2 = 0.38, P < 0.001) with statistical difference (Fig. 2a) . Although the strength of correlations was not sufficient, there are positive correlations between the stem size and GTa length (R 2 = 0.23, P < 0.001), AIIS length (R 2 = 0.22, P < 0.001), and total length (R 2 = 0.38, P < 0.0001) with statistical difference, respectively (Table 1, Fig. 2b ).
Analysis of the relationship between ROM and the bone anatomy morphology of the pelvis and femur
The mean ROM is 112°in Flex, 22.7°in Int-R and 53.2°in Ext-R (Table 2) . With respect to Flex and Int-R, we found an obvious decrease in hip ROM, inversely proportional to the length of GTa, AIIS and total length, respectively. There are negative correlations between the ROM and GTa length, AIIS length with statistical difference, and especially between the ROM and total length (Tables 3 and 4 , Fig. 3a-f ). However there was no significant correlation between the ext-R and each of the three parameters ( Table 5) .
Analysis of the relationship between impingement site and the bone anatomy morphology of the pelvis and femur
In our study, impingement occurs in three ways: bone to bone impingement, cup-neck impingement and implantbone impingement. Bony impingement preceded cup-neck impingement in many cases, especially in Flex and Int-R. In Flex, bony impingement was observed in 54 hips; the anterior greater trochanteric region of the femur impinges on AIIS (Fig. 4a) . Bony impingement was also observed in six hips; however, the impingement site was different-the femoral shaft impinged on ASIS (Fig. 4b) , and cup-neck impingement was observed in three hips (Fig. 4c) . In Int-R, bony impingement was observed in 53 hips, where the anterior greater trochanteric region of the femur or the femoral neck at the cutting point impinged on AIIS and cupneck impingement was observed in ten hips. In Ext-R, cupneck impingement was observed in 44 hips, implant-bone impingement in 14 hips (Fig. 4d) and bony impingementlesser trochanter on ischial bone in five hips.
When impingement site was plotted on the graph (Fig. 3c-f , the cup-neck impingement and bony impingement), the femoral shaft was seen to impinge on ASIS, hence showing a decrease in the morphology of bone size of the pelvis and femur. In other words, the ROM of Flex and Int-R decreased due to bony impingement (the anterior great trochanteric region of the femur impinges on AIIS) as the morphology of bone size of pelvis and femur increases (Fig. 5a-b) . However, there was no significant correlation between the ROM of Ext-R and the impingement site (Fig. 5c ).
Discussion
Impingement is often the main aetiology for post-THA instability. Dislocation can occur subsequent to impingement between the two components or between the acetabulum and proximal femur. Even without dislocation, the patient may complain of clicking in various activities such as walking, climbing the stairs, squatting and so on, leading to anxiety and dissatisfaction. Many studies have analysed the variables that affect the ROM after THA. Recent studies have shown the optimal implant positions to acquire a satisfactory ROM. Widmer et al. [11] showed that a cup inclination between 40°a nd 42°combined with a cup anteversion between 23°and 28°and the stem antetorsion determined according to the formula "cup anteversion+0.7×stem antetorsion=37°" fulfilled the severe ROM. Furthermore, in recent studies, alternative bearings with larger diameter of femoral heads have been reported to reduce the dislocation rates in primary or revision THA [16, 17] , although the advantages of diameters beyond 38 mm have not been demonstrated clinically [18] .
These appropriate orientations of the implant and size of the femoral head are important factors for the prevention of implant impingement, and bony impingement is also an important factor for post-THA stability and for prevention of dislocation. Suzuki et al. [19] mentioned the importance of bony impingement using still CT frames and reported that bony impingement frequently limits hip motion after THA, independently of the ROM of the prosthetic components. Kessler et al. [12] evaluated the ROM after THA in various orientations of cup abduction, anteversion and femoral anteversion using computer models. They reported that bony impingement became much more common than implant GTa anterior aspect of the greater trochanter, AIIS anteroinferior iliac spine impingement when implants were positioned to minimise impingement. Although there are several reports about bony impingement, less has been written about the importance of variable bone anatomy affecting bony impingement. In this study, we took a subject-specific approach to analyse the effect of the bone anatomy around the hip on restricting hip ROM after THA.
In our study, we measured GTa and AIIS length as an indicator of individual bone anatomy of the femur and pelvis, based on our experiences and previous reports. Bartz et al. [7] found that osseous impingement was likely to occur between the greater trochanter and the iliac bone before implant impingement in a cadaver study, and several authors have previously mentioned a similar phenomenon regarding bony impingement [20, 21] . As for implant positioning in our study, all of the cases were inside the "safe zone" that Lewinnek proposed [13, 22] . Our results showed that the more the size of pelvis and femur increases, the more the ROM of Flex and Int-R decreases. Moreover, the location of the initial contact was not consistent at the region of cupneck, but was more commonly located at the greater trochanteric region or femoral neck on AIIS in patients with a larger morphology of the pelvis and femur. These results indicate that hip ROM after THA reduces because of bony impingement in patients with larger skeletal morphology of the hip.
We define 'anterior offset' as the distance between the line on the anterior aspect of the proximal femur and the centre of the stem head. In accordance with the prediction of Kessler et al. [12] that the head-neck ratio of the native femur would correlate with the overall hip ROM before bony impingement in THA, it is important to retain 'anterior offset' in order to avoid bony impingement and improve the ROM of Flex and Int-R, especially in patients with large skeletal morphology. With respect to the size of the femoral head, several studies have already shown that the ROM after THA is not limited by implant impingement with a larger diameter of femoral head but is limited by bony impingement [7, 12, 23] . From the viewpoint of 'anterior offset', once bony impingement is observed as a restricting factor, increasing head diameter has no further effect on improving ROM, because the centre of the femoral head does not change and anterior offset is not improved. In order to retain 'anterior offset', our results suggest that elongation of the stem offset or the use of a femoral implant with increased anteversion may increase the hip ROM after THA. Furthermore, the finding that bony impingement often occurs at AIIS also offer caution against excessive medialisation or heightening of the hip centre in cup positioning. If bony impingement is observed as a restricting factor in these conditions, the resection of the bony impingement site-anterior aspect of femoral neck and greater trochanter or AIIS may decrease the incidence of posterior dislocation by allowing an increase of ROM in Flex and Int-R until bone impingement, especially in patients with large bony anatomy. It can be assumed that bony impingement restricts ROM either after THA by CT data or by implant size, because of a positive correlation between the skeletal size and stem size, and therefore we have to take this phenomenon into consideration at the planning of THA.
There were several limitations in our study. First, in our study the influence of the surrounding soft tissue was not taken into account, which may have affected the actual hip ROM. Second, we only analysed the ROM until impingement. Hip dislocation involves levering of the head out of the cup after impingement, and a larger head size may have the advantage of reducing dislocation by way of acquiring jumping distance, even if the pre-impingement ROM remains the same.
In summary, our computed model allows for a clinically relevant assessment of the ROM after THA and provides supplements to clinical studies. We demonstrated that skeletal morphology of the hip substantially affects the ROM of Flex and Int-R especially in patients with large bone anatomy. For patients with large bone anatomy, bony impingement of the proximal femur on AIIS may become a significant risk factor for dislocation. Therefore, we have to take 'anterior offset' into consideration in THA for these patients.
